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FOREWORD

(C) The BEARING STAKE Exercise was' conducted by the Naval Ocean
Systems Center (NOSC) under the sponsorship of the Naval Electronic
Systems Command (PME-124) at five sites in the northwest Indian Ocean
between January and April 1977. Personnel from the Naval Ocean Research
and Development Activity (NORDA) managed the environmental data
collection program and analyzed most resulting oceanographic, meteoro- |
logical, and bathymetric data. This report defines the diverse sound speed
variability at each exercise site and relates this variability to the distribu-
- tion of-various intrusive water masses, particularly high salinity Red Sea
Intermediate Water. In addition, possible effects of the environment on
acoustic propagation are asscssed for each exercise site. This document
presents the final environmental data analysis scheduled in support of

BEARING STAKE acoustics.

o S e

y . i DR. RALPH GOODMAN
TECHNICAL DIRECTOR
NORDA
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EXECUTIVE SUMMARY

(C) This report contains an interpretation of oceanographic (sound speed), meteorological, and bathymetric
data collected during January through April 1977 as part of the BEARING STAKE Exercisc at the follow-
ing sites in the northwest Indian Occan: site 1Af1B (Gulf of Oman), sites 2 and 3 (central Arabian Sca),
site 4 (western Somali Basin), and site 5 (southern Arabian Sca).

ENVIRONMENTAL FINDINGS

® (U) The entirc exercise took place during cither the northeast monsoon (sites 1A, 1B, and 3 in
January-February) or during the transitional period between the northeast and southwest monsoons (sites
4, 5, and 2 in March-April).

® (U) Representative exercise and southwest monsoon (Junc-Scptember) sound speed profiles were
quite similar except above a depth of 400-500 m (due to the effects of monsoonal reversal) and in regions
where summer upwelling is expected (sites 2 and 4),

® (U) Overall, temporal and spatial sound speed variability was feast at sites 2 and 3, intermediate
at sites 1A/1B and 5, and greatest at site 4.

® (U) Sound speed profiles at site 1B were up to 5 m/sec lower than those at site 1A measured nearly
one month earlicr. This unomaly probably was caused by incrcased northeast monsoon upwelling after the
sitc 1A occupation.

® (C) At site 4 and throughout the western Somali Basin, interleaving of four intrusive water masscs
(particularly high salinity Red Sca Intermediate Water and low salinity Antarctic Intermediate Water)
caused complex and highly variable sound speed structures to depths in excess of 1800 m.

ACOUSTIC IMPLICATIONS

® (C) At all sites, the maximum temporal and spatial sound speed variability in the water column
occurred between about 100 and 150 m, at or just below the tow depth of the low frequency CW source

(generally 91 m).

® (C) At all sites except site 4, acoustic propagation was bottom-limited in respect to both the high
frequency (generally 18-m) and low frequency (generally 91-m) CW sources.

® (C) Site 4 was cffectively bottom-limited in respect to the high frequency (18-m) source. However,
for the low frequency (91-m) source, at least 200 m of depth excess was found both at the site and along
most acoustic tracks radial to the site.

® (C) The intense sound speed variability and microstructure found at site 4 and throughout the
western Somali Basin should cause some propagation anomalics, particularly for the low frequency (91-m)

source when some depth cxcess was present,

® (C) At all sites, ambicent noise levels above 200 11z should be moderate to low because of the low
wind speeds and sea heights throughout the exercise,
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BEARING STAKE EXERCISE:
SOUND SPEED AND OTHER ENVIRONMENTAL VARIABILITY (U)

L (U) INTRODUCTION

(C) During January thiough April 1977, the BEARING STAKE cxercise was conducted by the
Naval Ocean Systems Center (NOSC) under the sponsorship of the Naval klectronics Systems Command
(PME-124) at five sites throughout the northwest Indian Ocean. The Environmental Effects Branch, Ocean
Acoustics Division of NORDA had primary responsibility for analyzing environmental (oceanographic,
bathymetric, and meteorological) and navigational data to support exercise acoustic data analysis. This
report represents the final environmental data analysis in support of BEARING STAKE. Much of the work
contained herein has appeared previously in the BEARING STAKE Acoustic Assessment Report (NOSC,
1978).

(C) Figure 1 shows the location of the five major acoustic sites and the sound spced analyses con-
tained in the main body of this report. Other sound speed analyses performed by NORDA for NOSC are
indexed on Figure 21 and presented in Appendix A. Environmental data were collected at one or more
sites by the following vessels:

® USNS KINGSPORT (T-AG-164) (KP)
® USNS MYER (T-ARG-6) (MY)

® USNS WILKES (1-AGS-23) (WI)

USNS MIZAR (T-AGOR-11) (MZ)

HMAS DIAMANTINA (DI)

The two-lctter abbreviations in parentheses followmyg each of the above vessels are the same as used in
various illustrations of this report. Environmental data collection periods at each site were as follows:

® Site 1A: 14-24 January
® Site 3: 1-16 February

® Site 1B: 16-26 February
® Site4: 9-26 March

Site 5: 8-21 April

LT
®

® Site2: 21-30 April
All sites were occupied either during the northeast monsoon (December through February) or during

the transitional period between the northeast and southwest monsoons (March through May). Site 1 was
occupied twice, denoted by sites 1A and 1B.

: 1 CONFIDENTIAL
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IL. (U) GENERAL DISCUSSION OF ENVIRONMENTAL DATA

(U) Table 1 summarizes oceanographic and metcorological' data collected at cach major acoustic
site, Oceanographic dati consisted of expendable bathythermograph (XBT) obscrvations and sound velocity/
sulinity-temperature-depth (SV/STD) stations. XBTs arc summarized by the maximum depth to which
cach trace was acceptable. Mcteorological data included observations of wind speed, wind direction, sca
height, and swell beight. In addition to those data listed in Table 1, sca surface temperature obscrvations
were collected continuously by WILKES at sites 1A, 1B, 3, and 4, and bathymetric data were collected
by KINGSPORT, WILKES, and MIZAR throughout the exercisc arca. NORDA provided NOSC with
analyzed bathymetric data along KINGSPORT acoustic tracks, while NOSC analyzed that WILKES and
MIZAR data necessary for acoustic asscssment. All bathymetric data analyzed by NORDA were corrected
for the speed of sound in scawaier using the tables of Matthews (1939).

(U) Three types of XBTs werce deployed during the exercise: Sippican Model T-5 probes (maximum
depth of 1830 m) by KINGSPORT, MYER, WILKES, and MIZAR; Modecl T-7 probes (maximum depth of
760 m) by MIZAR and DIAMANTINA; and Model T-4 probes (maximum depth of 460 m) by DIAMAN-
TINA. The great majority of the MIZAR XBTs were T-7 probes; the great majority of the DIAMANTINA
XBTs were T-4 probes. All XBT traces were machine digitized and converted to sound spced using the
cquation of Wilson (1960). Salinities necessary for sound speed calculation were individually assigned to
cach XBT trace, and were based on a salinity field derived from exercise SV/STD data and historical north-
east monsoon Nansen cast data. Approximately 45% of the T-5 probes deployed failed at depths less than
1500 m due to wire entanglement, wire rubbing, or actual wirc breakage. Fortunately, it was possible to
determinc decp sound channel (DSC) statistics throughout the exercise arca from exercise SV/STDs and
those T-5 XBTs that reached their maximum depth.

(U) All three XBT models measure temperature to £0.2°C, which results in a calculated sound speed
accuracy of about 0.8 m/sec assuming that there are no crrors in Wilson’s equation. The SV/STD systems
used by KINGSPORT, WILKES, and MIZAR measure sound speeds with a precision of about £0.3 m/scc,
and yield Wilson equation sound speeds accurate to about £0.1 m/sec. Generally, BEARING STAKE sound
speeds calculated frcm XBT temperatures were up to 1.0 m/sec higher than those measured directly and up
to 0.5 m/sec higher than those calculated from SV/STD temperatures and salinitics, Most of this error is
attributable to XBT inaccuracies compounded by inaccuracies in Wilson’s equation (Carnvale, et al., 1968;
MacKenzie, 1971). Despite thesc inaccuracies, the total exercise sound speed data base (XBTs plus
SV/STDs) is adequate for propagation loss calculations since measured and calculated sound speed gradients
were nearly identical throughout the upper 2000-2500 m of the water column. Below 3000 m, Wilson
equation sound speeds were up to 2.0 m/sec higher than those measured directly. Therefore, sound speeds
measured during the excrcise were used to extend profiles so as not to bias propagation loss calculations.

(U) Mcasured sound speeds also were used in calculating critical depth and 90-m conjugate depth.
Critical depth, the depth where the maximum sound spced at the surface or in the near-surface layer
(i.c., sonic layer depth) recurs, defines the bottom of the DSC. The DSC axis is the depth of the absolute
sound speed minimum in the water column. The depth where the sound speed at 90 m recurs is defined as
90-m conjugate depth, and delineates the minimum depth necessary for refraction of downward rays from
a 90-m source. Because sound speeds calculated from Wilson’s equation were up to 1.0 m/sec higher than
those measured dircctly, critical and 90-m depths based on calculated deep gradients could be up to 70 m
shallower than thosc based on measured deep sound speed gradients. Conscquently, measured sound speeds
for depths greater than 3000 m rather than computed values were used to determine critical and 90-m
conjugate depths.

(U) As previously reported (NOSC, 1977), a substantial percentage of data from BEARING STAKE
XBTs initially appcared too warm below a depth of 600-1000 m when compared to excercise SV/STD data.
Preliminary cvaluation of the XBT traces indicated that these erroncously warm temperatures were caused
mainly by an alteration in the sink rate of the XBT probes duc to entanglement with towed projectors
and/or wirc rubbing. However, during later analysis of the traces, XBT recorder malfunctions (caused pri-
marily by a slow recorder servo-motor response) were uncovered that could lead to warmer temperatures
in that region of the water column where temperature becomes basically isothermal (i.c., below about
1000 m). These errors were compensated during machine digitization of the traces, so that most XBT

3 CONFIDENTIAL
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TABLE 1 (U)
SUMMARY OF BEARING STAKE OCEANOGRAPRIC DATA (U)

XBTs
SHIP 100-600 m 600-1500 m  >1500 m SY/STDs WEATHER 0BS
Site 1A
KINGSPORT 4 9 24 4 132
MYER 4 4 9 0 204
WILKES 1 0 1 & 0
Total 9 13 34 3 336
Site 18
KINGSPORT 10 1 1 12 84
MYER 0 4 8 0 158
WILKES 3 4 13 5 0
MIZAR 7 6 6 2 96
DIAMANTINA 20 Y 0 0 13
Total 40 15 28 19 351
Site 1 Total 49 28 62 28 687
Site
KINGSPORT 4 7 21 12 168
MYER 3 2 13 0 321
WILKES 9 12 36 6 0
MIZAR 20 10 2 5 96
DIAMANTINA 12 9 0 0 13
Total 48 31 72 23 598
Site 4
KINGSPORT 2 25 25 13 288
MYER 0 4 14 0 332
WILKES 13 20 36 4 0
MIZAR 6 18 4 3 264
DIAMANTINA 32 8 0 0 44
Total 53 75 79 C 928
Site 5
KINGSPORT 2 16 4 4 132
MYER 2 11 3 0 253
MIZAR 2 14 0 3 156
DIAMANTINA 21 4 0 0 29
Total 7 45 7 7 570
Site 2
KINGSPORT 1 10 0 1 108
MYER 1 3 9 0 192
MIZAR 9 10 1 1 156
! DIMANTINA 0 0 0 0 25
Total 1 23 10 2 481
Grand Total 188 202 230 80 3264
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temperatures below about 1000 m agreed to 0.1°-0.2°C with those measured using SV/STDs, well within
the accuracy of the XBT system.

111 (U) GENERAL OCEANOGRAPHIC SETTING

(C) The sound speed structure of the northwest Indian Qcean has been extensively discussed by
Fenner and Bucca (1972a and b) and more recently by Colborn (1976). The following paragraphs review
these previous works tailored to the five BEARING STAKE acoustic sites.

(U) Sound speed profiles throughout the exercise arca were influenced by one or more of the fol-
lowing intrusive water masses:

® High salinity Persian Gulf Intermediate Water (PGIW) with a core at 250-400 m

® Low salinity Subtropical Subsurface Water {SSW) at 400-500 m

High salinity Red Sea Intermediate Water (RSIW) at 500-900 m
® Low salinity Antarctic Intermediate Water (AAIW) at 700-800 m
® Low salinity Banda Intermediate Water (BIW) at 900-1000 m

These various water masses can perturb the negative sound speed gradient lying between the permanent
thermocline (100-269 m) and the DSC axis. Generally, low salinity cores result in sound speed minima,
high salinity cores in sound spced maxima. During BEARING STAKE, sound speed maxima and minima
freguently appeared as microstructure with a limited depths extent, particularly in the presence of several
intrusive water masses. Figure 2 gives the temperature-salinity (T-S) indices for cach of the five intrusive
water masses and is taken directly from Fenner and Bucca (1972b).

(U) Sites 1A and 1B both were influenced by high salinity PGIW that emanates from the Persian
Gulf through the Straits of Hormuz. In the Gulf of Oman, this water mass frequently causes sound speed
maxima at depths of 200-250 m, just below the base of the permanent thermocline. Both sites also were
affected by highly variable northcast monsoon upwelling that occurs at the northcrn end of the Arabian
Sea (Cushing, 1971). SSW may have been present at sites 1A/1B, but is net deteciable by a salinity mini-
mum in the Gulf of Oman, rather only by an oxygen mmimum.

(U) Site 2, located just cast of the mouth of the Gull of Aden, was influcnced by PGIW and RSIW.
The latter water mass emanates from the Red Sea into the Gulf of Aden and then into the Arabian Sca. At
sitc 2, PGTW and RSIW actively intermix with low salinity SSW and subsequently sink within the upper
1000 m of the water column. Such intermixing can produce extensive microstructure. In contrast, minimal
oceanographic activity occurred at site 3. At this site, PGIW is too diluted to affect sound speed structures
and RSIW is barely dctectable in historical sound speed profiles. None of the three low salinity intrusive
water masses generally is present at site 3.

(U) Site 4 was located astride a primary flow of RSIW that extends south along the east African
coast at depths of 600-900 m. This site was strongly influenced by low salinity SSW and AAIW that flow
north along the cast African coast between about 400 and 800 m. These two low salinity flows lic above
and below the core of high salinity RSIW and intensively intermix with RSIW throughout the Somali
Basin (Warren, ct al., 1966), causing extensive sound speed microstructure. Site 4 also car be influenced
by low salinity BIW that flows cast across the Indiar Ocean from the region of the Indonesiin Archipelago
- (Rochford, 1966) and by high salinity PGIW that flows south alonyg the Somalia coast. Gene-ally, however,
the latter two water masses, when present, cause insignificant amounts of sound speed microstracture in the
vicinity of site 4. Since this site was occupied towards the end of the northeast monsoon, it was not influ-
enced by the strong Somali Current that flows north along the cast African coast during summer. Generally,
the monsoon reversal does not take place in the Somali Basin until late April or early May (Duing and
Schott, 1978), well after the site 4 occupation.
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(U) Like site 4, site 5 also was located astride a preferential flow of RSIW and was influenced
strongly by SSW. Due to its location just north of the Carlsberg Ridge, this site was not influenced by
AAIW o1 BIW. PGIW was present at site 5, but did not markedly affect sound speed structures, Generally,
effects of water masses on sound speeds at site 5 were less than that at site 4, but somewhat greater than
that at sites 2 and 3 directly to the north.

IV. (U) ENVIRONMENTAL VARIABILITY AT SITES 1A/1RB

(C) Sites 1A and 1B were located in the castern part of the Gulfl of Oman within the Oman Basin.
The Bottom Mounted Array (BMA) at site 1B was implanted within 5 nm (9 km) of that at site 1A, but
nearly one month later. As previously mentioned, both sites were under the influence of PGIW with a high
salinity core at 200-250 m and highly variable northeast monsoon upwelling. Figure 3 presents the site 1A
environmental summary. Sound speed perturbations above 600 m shown in this figure were caused by
PGIW that apparently was sinking a! site 1A. A sonic layer 50-7C m deep was present at the site throughout
most of the occupation. The exception was between 17 and 20 January when surface insolation masked the
layer. During the 19-day occupation, the depth of the DSC oscillated between about 1600 and 1850 m
with a sound speed variation at the axis of about 2.5 m/scc. Duc to relativelv high surface sound speeds
and the shallow nature of the Gulf of Omuan, site 1.4 was bottom-limited in respect to both the high fre-
quency (24-m) and low frequency (91-m) CW sources. The greatest temporal sound speed variability in
the water column (about 10 m/sec) occurred at 100 m, jast below the nominal depth of the low frequency
source. Mecteorological conditions were relatively stable at site 1A, with wind speeds generally less than
10 m/sec, sca heights less than 2 m, and swell heights less than 3 m.

(C) The environmentai summary for site 1B is given in Figurc 4. Although PGIW was present at
site 1B, it did not cause sound speed perturbations i the upper water column. A sonic layer was absent
Juring most of the site 1B occupation, apparently due to surface insolation. The depth of the DSC varied
between 1580 and 1820 m over ninc days with a sound speed change of less than 2 m/sec. Like that at
site 1A, acoustic propagation at site 1B was bottom-limited in respect 1o both the high (18-m) and low
(102-m) frequency CW sources. The greatest temperal sound speed variability (about 10 mfsec) agen
occurred at 100 m, near the nominal depth of the low frequency source. Wind speed, sca height, and
swell Leight gradually decreased during the site 1B occupation, but were less than 10 m/sec or 2 m
threoughout.

(C) At depths less than 1800 m, the envelope of temporal sound speed variability at site 1B
(Figure 4) lay at lower sound speeds than that for site 1A (Figure 3), with a maximum difference of 4-5
m/sec at 400-m depth. The lowest sound speed profile in the Figure 4 envelope (KP SV/STD 26) repre-
sents conditions at the beginning of KINGSPORT event S1 at site 1B. Figure 5 compares sound speed
and temperature profiles for KP SV/STD 26 with those taken nearly one month earlier at the beginning
of KINGSPORT cvent S1 at site 1A, The 4- to 3-m/scc difference in sound speeds at 400 m is duc to @
drop in temperature of about 1.3°C. This change probably was caused by increased upwelling duwring
Febiuary (site 1B occupation). Wind speeds and directions between 16 and 20 February (Figuie 4) were
far more persistent than those encountered at site 1A (Figure 3), a condition conducive to upwelling.
Another possible cause for this phenomena is an incursion of cooler, lower salinity SSW into the Gulf
of Oman after the site 1A occupation. However, as previously mentioned, SSW cannot be identific? in
the Gull of Oman by a salinity minimum, but rather only by an oxygen minimum. Unfortunately, no
oxygen data were collected during BEARING STAKE. Sound speed cross sections for KINGSPORT events
S1 at sitc 1A and S1 at site 1B are presented m Appendis A as Figures 22 and 23, respectively, and have
been discussed in the BEARING STAKE Acoustic Assessment Report (NOSC, 1978).

(C) Figurce 6 shows a contoured sound speed cross section along the KINGSPORT 1A1 track, and
Figure 7 shows an overplot of sclected sound speed profiles along this same track. The track was planned
to correspond with an aircraft SUS event flown between 2205147 and 221103Z January 1977, Unfortu-
nately, the actual SUS run lay about 43 nm (80 km) cast of the KINGSPORT track. A well defined sonic
layer was present along the entire scction at depths between 50 and 100 m. The DSC axis varied in depth
between 1750 and 1930 m with a sound speed variation of about 2 m/scc. Both sonic layer and axial
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depth were greatest at a range of 110 nm (about 200 km) from sitc 1A, This range apparently marks the
center of an anticyclonic cell. The sound speed profile in the center of this cell (KP XBT 44 shown on
Figure 7) is several meters-per-sccond higher than that for profiles surrounding it. The anticyclonic nature
of this cell is confitmed by the sharp declination of the 1497- to 1520-m/sec isopleths at ranges greater
than 50 nm (about 90 k) followed by a more gradual isopleth inclination at ranges greater than 120 nm
(about 220 km). A similar aaticyclonic cell is evident in the winter (December-February) surface dynamic
topography of the northein Arabian Sca (Duing, 1970). The corrected bottom along the entire KINGS-
PORT track was shallower than either critical or 90-m conjugate depth. Maximum sound speed variability
along the track (about 14 m/scc) occurred at a depth of about 100 m.

V. (U)Y ENVIRONMENTAL VARIABILITY AT SITE 3

(C) Site 3 was located in the central Arabian Sca, and as previously mentioned was not markedly
nfluenced by intrusive water masses. Only RSIW caused significant microstructure on Site 3 sound speed
profiles (at depths between about 400 and 900 m). The environmental summary for this site is presented
as Figure 8. A sonic layer was present during the {ust five days, but later was masked by surface insolation.
The depth of the DSC remained quite constant (1720-1850 m) and the axis showed a sound speed varia-
tion of less than 2 m/scc. The maximum tenporal variation in the water colummn occurred at about 100 m,
and was only about 5 m/sec. Overall, temporal sound speed variability at site 3 was less than at any other
excrcise site, and meteorological conditions were very nearly constant. Wind speeds averaged about 5 m/se-
and were assoclated with sea and swell heights of less than 2 m. As was the case at sites 1A and 1B, site 5
was bottom-limited in respect to both the high frequency (18-m) and low frequency (91-m) CW sources.

(C) Figure 9 shows a contoured sound speed cross section along the KINGSPORT 3A2 track. An
overplot of selected sound specd profiles aleng his track is given in Figure 10. The KINGSPORT 3A2
track corresponds to an ancraft SUS cvent flown between 0808507 ord 081021Z February 1977, The
XBTs and SV/STDs along the track we:c taken 3-5 days after thr aicciaf. v nt. A sonic layer was present
along most of the section atdepths between 20 and 80 ;. At site 3 (M7 XBT 47) surface insolation masked
the layer, while at ranges between 100 and 20C nm ‘aibout 180 and 380 km) surface insolation caused the
sonic layer to shoal to about 20-in depth. The depth of the DSC axis gradually inclined to the southwest
from 1900 m at site 3 to 1775 m at a range of 310 nm (about 575 km}), and displayed a sound speed
variability of about 3 m/sec. At depths between about 400 and 900 m, RSIW caused small sound speed
perturbations in the negative sound spced gradient underlying the permanent thermocline. These per-
turbations took the form of microstructure with vertical extents less than 100 m. The corrected botiem
along the entire track was shallower than either critical or 90-m conjugate depth. The greatest spat: |
sound speed variability in the water colamn (about 5 m/sec) occurred at about 100-m depth. Two other
sound speed cross sections radial to site 3 {for KINGSPORT cvents P2 and P4) are presented in Appen-
dix A as Figures 24 and 25, respectively. Both sections have been discussed in the BEARING STAKE
Acoustic Assessment Report (NOSC, 1978).

VL (U) ENVIRONMENTAL VARIABILITY AT SITE 4

(C) Site 4 was located atop the Chain Ridge with acoustic tracks oriented north and west across
the western Somali Basin. Environmental variability at site 4 was the most complex found at any exercise
site due to intermixing of five intrusive water masses (PGIW, SSW, RSIW, AAIW, and BIW). Figure 11
presents a temperature, salinity, and sound speed profile plus a T-S diagram for a location about 30 nm
(55 km) northwest of site 4 (sce location on inset to Figure 13) that is generally representative for the site
itself. BIW is not present on the Figure 11 T-S diagram, but can be found sporadically in the vicinity of
site 4 at a sigma-t of about 27.40 (sce Figure C-7 of Fenner and Bucca, 1972b). PGIW and AAIW also may
be absent at site 4. However, during BEARING STAKE, AAIW was present at the site throughout the
occupation, and PGIW was present throughout most of the occupation. In terms of sound speed structure,
RSIW was the most influential water mass and was present throughout the western Somali Basin during
March 1977.
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Figure 9.(C) Sound speed structure along KINGSPORT 3A2 track (site 3) (U)
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A.  (U) Temporal Variability

(C) The environmental summary for site 4 (including an 18-day time-series plot of sound
speed) is given in Figure 12, Throughout the occupation, sound speed profiles displayed extremely variable
microstructure between about 300 and 1800 m. As previously mentioned, this microstructure was caused
by mixing of PGIW, SSW, RSIW, and AAIW and by sinking of RSIW as a result of this intermixing. A
sporadic sonic layer frequently was present, but was not a permanent feature at site 4, Over 18 days, the
depth of the DSC lay between 1600 and 1850 m, with a sound speed variability of 3-4 m/sec. At 100 m,
just below the depth of tiie low frequency CW source (91 m), sound speed varied by more than 17 m/sec,
the greatest temporal variability encountered at any exercise site. Although the corrected bottom depth at
site 4 was 5109 m (deepest of any exercise site), site 4 was effectively bottom-limited throuzhout the
occupation. Before 17 March. 90-m conjugate depth was about 200 m shallower than the bottom. However,
between 17 and 21 March, s 3-m conjugate depth shoaled to a ievel about 700 m above the bottom. The
rapid decrease in 90-m conjugate depth was caused by a cooling of the main thermocline that also resulted
in a change of shape of the sound speed profile above a depth of about 200 m. Wind speeds at site 4
averaged 5 m/sec, accompanied by approximately 1-m seas and 2-m swells.

(C) Figure 13 shows a 78-hour time-series plot of sound speed and temperature profiles
at a location 20 nm (37 km) northwest of the nominal site 4 position (Fig. 1). The locations of the XBTs
and two MIZAR SV/STDs used in this timz-series arc shown on an insert to Figure 13. A T-S analysis
for one of the two SV/STDs (MZ SV/STD 9) is presented on Figure 11, and indicates that PGIW, SSW,
RSIW, and AAIW were present and actively interleaving during the 78-hour time-series. All XBTs uscd
in the time-series were taken by WILKES, alleviating relative XBT recorder inaccuracies.

(U) The intense sound speed microstructure shown in Figure 13 is continuous throughout
most of the 78-honr sample period. The yrodimiiant upper sound speed minimum (i.e., the minimum
with the Jowest sound speed in the upper water column) generally occurred at about 500 m, and generally
corresponded to the depth of the low salinity SSW core. The predominant intermediate sound speed maxi-
mum (i.c., the maximum above the DSC axis with the highest sound speed) generally occurred between
600 and 800 m, and corresponded to one of the several high salinity RSIW cores. However, on 23 March
(WI XBTs 153 and 161), the predominant upper sovnd speed maximum actually lay above the depth
of the upper minimum, but stll corresponded to an RSIW salinity maximum. At the site of the 78-hour
time-series, and at site 4 itself, AAIW was actively mixing out the high salinity RSIW core. Such inter-
mixing was responsible for much of the complex sound speed microstructure shown on Figures 12 and
13. PGIW did not cause sound speed perturbations during tne short-period time-<eries, but did cause gra-
dient changes above a depth of about 300 m when present. BIW apparently w.s not present northwest
of sitc 4 but may have been sporadically present at site 4 itself.

(U) Over the 78-hour time-series (Fig. 13), a sonic layer generally was not present due to
surface insolation. A similar situation was found at site 4 during the 18-day time-series (Fig. 12). The
depth of the DSC axis varied between 1580 and 1790 m over 78 hours (total variation of 21C m). This
variation is of the same¢ magnitude as the 250-m variation in axial depth {ound at site 4 over a period of
18 days. Variations in axial sound speed (3-4 m/sec) also were comparable for the 18-day and 78-hour
time-series. The fact that the fluctuations in axial depth and sound speed were approximately the same
over 78-hour and 18-day samples implics that the fluctuations wers random.

B.  (U) Spatial Variability

(C) Figure 14 shows a contoured sound specd cross scction along the KINGSPORT 4A1
track corresponding to an aircraft SUS flight made between 2006217 and 2007567 Maich 1977. The
track was occupied by KINGSPORT 1-4 days after the aircraft event. Figure 15 shows an overplot of
sclected sound speed profiles, and Figure 16 presents T-S diagrams for cach of the KINGSPORT SV/
STDs along the track. A sonic layer occurred along most of the section, but was shallow (20-30 m) and
relatively ill defined. The greatest <pudial sound speed variability (about 18 m/sec) occuried at 150-m depth
within the permanent thermocline. Despite the greater than 5000-m depths of the Sonali Basin, the track
was basically bottom-hmited. Along the first 250 nm (about 460 km) of track, the conected bottom was
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at least 200 m deeper than 90-m conjugate depth. Near site 4, nowever the conrected bottom was up to
800 m decper than 90-m conjugate depth duc to a cooling of the main thermocline. A similar cooling was
found in the 18-day sound speed time-serics (Fig. 12) after 17 March.

(U) DSC structure along the KINGSPORT +Al track varied more than that along any other
exercise acoustic track. Axial sound speed varied by about 3 m/sec, while axial depth varied between 1550
and 1920 m. All of the variation in axial depth cccurred between ranges of 261 and 305 nm (484 and
567 km). Here, the depth of the DSC had a gradient of 8.4 m/nm (4.5 m/km). Although this gradient
is only one-fifth that found across Gulf Stream fronts in the North Atlantic Ocean (Fenner, 1978}, it is
the largest such gradient found along exercisc acoustic tracks and demarks the locaiion of an oceanic
frontal zone at 9°-10°N. This front caused a discontinuity in the sonic laver and marked the northern
boundary of double minimum sound speced profiles. Within the frontal zone, RSIW was mtensively mixed
with PGIW, SSW, and AAIW, causing the rapid declination of the 1502- through 1507-m/sec sound sj.ced
isopleths. At the approximate location of this frontal zone, the major flow of RSIW cast of Socotra (F.g. 1)
breaks into several preferential flows (see Figure C-5 of Fenner and Bucca, 1972b) In this same eneral
region surface dynamic topography charts for March-April (Duing, 1970) show the juxtaposition of a
¢ydlonic and anticyclonic cell resulting in a surficial front. The frontal zone at the northern end of the
KINGSPORT 4A1 track also corresponds with the beginning of the continental rise south of Socotra.

(U) The contoured presentation on Figure 14 shows a bewildering varicty of interlcaving
sound speed minima and maxima. South of the frontal zone at 9°-10°N, the predominant maxima were
associated with the most saline RSIW core, and most of the predominant minima were associated with
the SSW low salinity core. An exception is KP SV/STD 42, where the predominant minimum corresponded
to the low salinity AAIW core (compare sound speed profile on Figure 14 with T-S diagram on Figurc 16).
A similar situation occurred at the southern end of the frontal zone (KP SV/STD 45). Here, however,
the predominant minimum became discontinuous. Intermixing of AAIW and RSIW dearly was responsible
for much of the complex sound speed microstructure found at site 4 and throughout the western Somali
Basin during March 1977. A similar interleaving of water masses was observed throughout the region by
Warren, et al. (1966) during the southwest monsoon based on Nansen cast data.

(C) The extensive mixing portrayed in Figurc 14 also may be seen on two other sound speed
cross sections given in Appendix A: TFigure 26 (hII\GSPORT cvent P1) and Figure 27 (KINGSPORT
event P5). Both tracks were bottom-limited. However, the corrccted bottom alung each track was approxi-
mately 200 m deeper than 90-m conjugate depth. The greatest sound speed variability along both tracks
occurred at abort 150 m, below the nominal tow depth of the low frequency source. A sonic layer was
absent along both tracks, probably duc to surface insolation. Generally, svund speed structure alung both
tracks was less complicated than that along the KINGSPORT 1Al track (Fig. 14). However, individual
sound speed profiles were quite irregular and clearly showed the effects of intermixing of SSW, RSIW,
and AA.W.

VII. (U) ENVIRONMENTAL VARIABILITY AT SITE 5

(C) Site 5 lay at the southern edge of the Arabian Basin on the flanks of the Carlsberg Ridge, and,
as previously mentioned, was under the influence of a strong, preferential flow of RSIW. The environ-
mental summary for site 5 is presented as Figwe 17, Unfortunately, only one good SV/STD was available
at site 5, and the majority of XBTs dropped within 20 nm (37 km) of the site failed at depths shallower
than thc DSC. Ali sound speced plOfllCS shown on Figure 17 displayed a sound speed minimum at about
400 m depth associated with SSW. Two of the [)IO[]ILS (KP SV/STD 50 and MY XBT 100) showed a
significant sound speed perturbation at the top of the permanent thermocline (30-100 mj. Similar strue-
tures arc encountered in much of the March-April historical data collected near site 5 by the International
Indian Ocecan Expedition and also were found sporadically along most site 5 acoustic tracks. A sonic
layer was not persistent at site 5. The greatest temporal sound speed variability in the water column (about
15 m/sec) occurred at about 150 m, below the depth of the low frequency (91-m) source. Acoustic propa-
gation at site 5 was bottom-limited for both the low and high fiecquency sowces. The DSC structure shown
on Figure 17 is speculative, since most of the XBTs failed at depths less than 1500 m. Mcteorological
conditions were moderate throughout the 12-day occupation of site 3, with wind speeds less than 6 m/sce,
sca heights generally less than 1 1, and swell heights averagimg less than 2 m. Two sound speed cross
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sections along tracks radial to site 5 are presented in Appendix A: Figue 28 (KINGSPORT PI track)
and Figure 29 (KINGSPORT P5 tiack). Both sections have been discussed in the BEARING STAKE Acous-
tic Assessment Report (NOSC, 1978).

VIII. (U) ENVIRONMENTAL VARIABILITY AT SITE 2

(C) Site 2 lay on the Owen Ridge north-northwest of the mouth of the Gulf of Aden. Sound speed
structure at this site was strongly influenced by both PCIW and RSIW. However, neither water mass caused
distinct sound channels at site 2, only microstructurc. The environmental summary for this site is presented
as Figure 18. Unforwna.ely, no reliable SV/STD data were collected during the site 2 occupation. Based
on MYER XBT data, temporal sound speed variability at site 2 was less than that at other exercise sites
except site 3. A maxinmum variation of about 3 mfscc occurred between 100 and 150 m, below the depth
of the low frequency (91-m) source. \ sonic layer was absent at site 2 throughout the 9-day occupation,
and acoustic propagation was bottom-limited for both the high frequency (18-m) and low frequency
sources. The DSC lay between about 1720 and 1900 m and displayed a variability of less than 2 m/sec.
Wind speeds were gencrally caim at site 2, as would be expected for the end of the intermonsoonal period.
The southwest monsoon had not started during the site 2 occupation. Wave heights were generally less
than 1 m superimposed on about 2-m swells. Two sound speed cross sections radial to site 2 are presented
in Appendix A: Figure 30 (KINGSPORT P1 track) and Figure 31 (KINGSPORT P3 track). Both sec-
tions are discussed in the BEARING STAKE Acoustic Assessment Report (NOSC, 1978).

IX. (U) REPRESENTATIV!" SOUND SPEED AND TEMPERATURE-SALINITY PROFILES

(U) Composites of representatne BEARING STAKE sound speced profiles and their associated
T-S diagrams arc illuswrated in Figure 19. The representative profiles were derived from the time-series
plots of sound speed for each site, and generally are a nearmedad profile. For all sites except site 2, the
representative «xaiise sound speed profiles are based upon SV/STD data so as not to incorporate XBT
inaccuracies. Near-sar.«ce wemperatwes and sound speeds at sites 1.A/1B were somewhat lower than those
at other exercise siv 5 e to the cffects of northeast monsoon upwelling in the northern Arabian Sea.
As previously mentiored, sound speed profiles at sites 1.A and 1B varied markedly at about 400-m depth,
probably attributable 1. northeast monsoon upwelling. Representative T-S diagrams for these two sites
dearly show that temperdature at 400 m was tnore than 1°C warmer at site 1.A than at site 1B, while salinity
at 400 m was about 0.2° /% higher at sire 1A. At depths above 1200 m, the representative sound speed
profile at site 2 was several meters-per-.ccond higher than that for other excrcise sites, caased by high
salimty PGIW ana RSIW i a relatnvely unmised form. The microstructure shown on the site 2 represen-
tative profile was caused by mtermismy and sinking of these two water masses. In contrast, the representa-
tive profile fo site 3 was smooth and regular and showed minimal water mass effects.

(U) At site 4, the extremely complen and irregular sound speed and T-S profiles reflect mtermixing
of PGIW, SSW, RSIW, and AAIW. Between depths of about 400 and 2500 m, the representative sound speed
profile at site 4 was the lowest encountered at any exercise site, due mamly to the southern location of
the site and to the effects of relatively cool, Jow salinity SSW and AAIW. Although site 5 was influenced
by both SSW and RSIW, the occanography there was nowhere ncar as complex as at site 4. Due to its
locauon just north of the Carlsberg Ridge, the representative sound speed profile at site 5 closely resembled
that for site 3 below 700 m. Howeser, above 700 m, the profile at site 5 exbibitzd a bichannel structure
similar to that for site 4. Sound speed profiles i the vidinity ol site 5 frequently display ed perturbations
at depths above 100 m that were caused by a near-surface, low salinity layer overlying warmer, more saline
waers from the northern Arabian Sca.

(U) Figuse 20 compares representative excerdise sound speed profiles at cach site with representative
profiles fiom the southwest monsoon (June-September). All profiles presented in Figure 20 are listed in
Appendin B (Tables 3, 4, and 5). The representative southwest monsoon profilzs were chosen from his-
torical data positioned as dose to cach site as possible and thervefore are not specific to any oceanic
provmce. At sites TA/1B, the representative southwest monsoon profile was neatly 10 m/sec higher at the
surface than that found durimy the exerdise due to the ¢ffects of summer warming. At site 3, summer

>
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warming caused an approximately 5-m/scc increase in surface sound speed during the southwest monsoon.
At site 4, the southwest monsoon profile was 17 m/sec lower at the surface than the exercise profile,
apparently duc to summer upwelling off the Somali coast. This upwelling caused lower southwest monsoon
sound speeds to a depth of at least 400 m. At site 5, the southwest monsoon profile was about 15 m/sec
higher than the exercise profile above 400-m depth, due to both necar-surface warming and the effects of
reversing monsoon circulation. In addition, the upper sound speed minimum was far better developed
during the cxercise, probably due to the presence of more RSIW. At site 2, southwest monsoon upwelling
off the Muscat and Oman coasts caused lower sound speeds to depths of at least 500 m. Below
400-500 m, representative sound speed profiles at all sites were quite similar to those for the exercise
except in regions where upwelling is expected during summer, in keeping with the findings of Fenner
and Bucca (1972b). In any case, the southwest monsoon profiles shown in Figure 20 wre adequately repre-
sentative for acoustic modeling d'iring the sonthwest monsoon.

X. (U) ACOUSTIC IMPLICATIONS

(C) Except for site 4, acoustic propagation at the major BEARING STAKE sites was bottom-
limited for both he high frequency (generally 18-m) and low frequency (generally 91-m) CW sources.
Therefore, detaiis of acoustic propagation are governed more by details of bottom interaction than by
sound speed variability, unless this variability occurred at or above the depth of the source. The depth of
maximum temporal and spatial sound speed variability lay between 100 and 150 m at all sites and there-
fore was below the nominal tow depth of either the high or low frequency sources, except at site 1B.
Here, the nominal tow depth of the low [{requency source was 102 m, and sound speed variability should
affect transmission of acoustic signals to a greater degiee than at other acoustic sites. At site 1A/1B, up-
welling caused a 4- to 5-m/scc change in sound specds between the two occupations. This change would
complicate comparison of propagation losses for KINGSPORT events S1 at the two sites, but shouid not
cause markedly differcnt propagation. At sites 2 and 3, environmental variability apparently was insuf-
ficient to markedly affect propagation. At site 5, sporadic sound speed perturbations above a depth of
about 100 m could have significant effects on propagation, particularly for the low frequency source
(nominal tow depth of 91 m).

(C) At site 4 and along site 4 acoustic tracks, the corrected bottom f{requently excceded 5000 m.
Nevertheless, propagation was basically bottom-limited for the high frequency (18-m) source since critical
depth lay barely above the corrected bottom, so that an accustic wave propagating over the spherical
carth would actually penctrate the bottom. Some refraction of downward rays would be expected from the
low frequency (91-m) source throughout the Somali Basin since 90-m conjugate depth frequently lay at
least 200 m above the corrected bottom. The intense sound speed variability and microstructure encoun-
tered at site 4 and along acoustic tracks radial to this sitc may have caused some anomalies in acoustic
propagation patterns, even for bottom-limited situations. Thesc anomalies should be most obvious for the
Jlow frequency (91-m) source in situations where the corrected bottom was deeper than 90-m conjugate
depth.

(U) Ambient noise for frequencics above that where shipping dominates (approximately 200 Hz)
1s governed by local wind speed (Wenz, 1962). Generally, winds were calm or of low speed throughout
BEARING STAKE, up to a maximum of 10.5 knots at site 1A. Thus, ambient noise levels should be low
at the higher frequencies. in the event that infrasonic noise (less than 20 Hz) is explicitly due to sea and
swell conditions, levels also would be low, since maximum sca and swell heights were less than 1.5 and
2.7 m, respectively, over the course of the excrcise,

XL (U) SUMMARY

(C) The BEARING STAKE cxercise was conducted at five major acoustic sites in the northwest
Indian Ocean during January through April 1977. All sites were occupied during cither the northeast
monsoon or the transitional period between the northeast and southwest monsoons. A total of 620 XBTs,
80 SV/STDs, and more than 3200 mcteorological observations (wind speed/direction and scafswell height)
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were taken throughout the excidse arca to define environmental effects on acoustic propagation. In addi-
tion, bathymetric profiles were collected along all major acoustic tracks.

(C) All XBT traces were machine digitized and converted to sound speed using the equation of
Wilson (1960) and « salinity ficld derived mainly from excrcise SV/STD data. Generally, sound speeds
calculated from XBT temperatuies veere up to 1.0 m/sec higher than those measured directly and up to
0.5 m/sec higher than those calculated from SV/STD data. Muchi of this ertor is attiibutable to XBT probe
and recorder inaccuracies compounded by inaccuracies in Wilson’s cquation. Despite these indccuradices,
the total exercise sound speed data base (XBTs plus SV/STDs) is adequate for propagation loss calculations
since measured and calculated sound speed yradients were nearly identical throughout the u yer 2000-
2500 m of the water columa. Below about 3000-m depth, measured sound speeds were usea _aclusively
in all analyses.

(C) Site 1 was located m the castern part of the Gulf of Oman and was occupicd twice, hence
sites 1A and 1B. The two sites were located 5 nm (9 km) apart, and both were under the influence of high
salinity PGIW that emanates into the Gulf of Oman through the Straits o Horrmuz, This water mass caused
sound speed perturbations above 600-m depth at site 1A (14-24 January), but only caused sound speed
gradient changes at site 1B (16-26 February). Acoustic propagation at sites 1A and 1B and along acoustic
tracks radial to them was bottom-limited in respect to both the high frequency (18- or 24-m) and low
frequency (91- or 102-m) sources. Maximum temporal and spatial sound speed variability occurred at
100 m, the approximate tow depth of the low frequency source during site 1B acoustic events. Sound speed
profiles at site 1B were up to 5 m/fsec lower than those at site 1A o ¢ month carlier, apparently as a resul*
of increased northeast monsoon upwelling after the site 1A occupation. An anticyclonic cell was found
about 110 nm (200 km) south of site 1.\ that caused a downward bowing of sound speed isopleths in
the upper 1700 m of the water column.

(C) Site 3 was located in the central Arabian Sea and was occupied dwing 1-16 February. This site
was not strongly influenced by intrusive water masses, although high salinity RSIW did cause sound speed
microstructure between about 400 and 900 m. Acoustic propagation at site 3 and along tracks radial to it
was bottom-limited for both the high frequency (18-m) and low frequency (91-m) sources. Maximum
temporal and spatial sound speed variability at the site (about 5 m/sec) occurred at 100 m, just below the
nomindl depth of the low frequency source. Overall, sound speed variability at site 3 and alung acoustic
tracks radial to it was less than at any other exercise site,

(C) Site 4 was located atop the Chain Ridge with acoustic tracks oriented actoss the western Somal
Basin. The site was occupiced from 9 to 26 Llarch at the beginning of the intermunsoondl transition. In
contrast to site 3, environmental variability at site 4 was the most complex found at any exercise site duc
to intermixing of several intrusive water masses. The site was focated astride a primary flow o! RSIW
that extends south along the cast African coast at depths of 600-900 m and also was strongly influenced by
Jow salinity SSW and AAIW that flow noith at depths above and below the RSIW core. In addition, site +
was sporadically influenced oy high salinity PGIW at depths above 300 . Sound speed profiles at the
sitc and throughout the western Somali Basin displayed extremely variable micostructure caused by the
interleaving of PGIW, SSW, RSIW, and AAIW. Maximum temporal sound speed variability at the site (move
Jhan 17 m/sec) occurred at 100 m, just below the depth of the low frequency (91-m) source, and was
the greatest such variability encountered at any exercise site. Site 4 was effectnely bottom-limited i
the high frequency (18-m) source. However, 90-m conmjugate depth at the site lay at least 200 m above
the corrected Lottom, and after 17 March was up to 800 m shallower than the corrected hbottom.

(U) Between 22 and 25 March, WILKES collected mote than 30 MB7Ts ac a location 20 nm (37 kin)
northwest of site 4. The predominant upper sound speed minima (at abou 500 m) and predominant
intermediate sound speed moxima (between 600 and 800 m) were continuous over most of the 78-hour
time-series, and generally were assoctated with the SSW low salinity and RSIW high salinity cores, respee-
R tively. Upper minima and intermediate maxima were found to be spatially continuous along sevesal tracks

radial to site 4, and probably were continuous throughout much of the western Somali Basing 1T way
through the time serics, however, the depth of the upper sound specd minimum macased to greater than
600 in, and the intermediate sound speed maximum occurted about 100 m below the depth of the mini-
mum (assoclated with the AAIW low salinitt core). A similar situation occuried along the KINGSPORT
4A1 track (due north of site 4).
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(U) Sound speed structures along the KINGSPORT 4Al track (between site 4 and Socotra) were
even more complex than those at site 4. The entire track was effectively bottom-limited, but at least 200 m
deeper than 90-m conjugate depth. At 9°-10°N, the depth of the DSC increased rapidly by about 8.4 m/nm
(4.5 m/km). This gradient is the largest found along cxercise acoustic tracks and delineates a moderate
occanic frontal zone that extended from the surface to about 2000-m depth. The sonic layer was dis-
continuous across this front, and intensive mixing within the trontal zone effectively obliterated the double
minimum sound speed structure found further to the south. Interleaving of PGIW, SSW, RSIW, and AAIW
within the frontal zone is similar to that found throughout the western Somali Basin during the southwest
monsoon (Warren et al., 1966). Overall, RSIW was the most important water mass affecting scund speed
structures along the 4A1 track. However, mixing of RSIW and AAIW clearly was responsible for much of
the complex sound speed microstructure found at site 4 and along tracks radial to 1t.

(C) Site 5 was located at the southern edge of the Arabian Basin (flanks of the Carlsberg Ridge)
and was occupicd from 8 to 21 April. All sound speed profiles at the site displayed an upper sound speed
minimum (at about 400 m) associcied with the SSW low salinity core and an intermediate maximum (at
500-700 m) associated vith a strong, prefereatial flow of RSIW. In adaition, site 5 sound speed profiles
sporadically displayed a perturbation at the top of the thermocline (30-100 m). The greatest temporal and
spatial sound speed variability in the water column (about 15 m/sec) occurred at 150 m, well below the
depth of the low {requency (91-m) source. Acoustic propagation at site 5 and along accustic tracks radial
to it was bottom-limited in respect to both the high and low frequency sources.

(C) Site 2 was located on the Owen Ridge (north-northwest of the mouth of the Gulf of Aden)
and was occupied during the last week of April. Iowever, the southwest moasoon had not started during
the occupation of this site. Although the site was strongly influenced by PGIW and RSIW, neither water
mass caused significant upper sound channels, only sound speed microstructure throughout the upper
1500 m of the water column. The greatest temporal and spatial sound speed varianlity at site 2 (about
5 m/scc) occurred at 100-150 m, and was less than that at any other site except site 3. Acoustic propaga-
tion at site 2 and along acoustic tracks radial t« it was bottom-limited for both the high (18-m) and iow
(91-m) frequency CW sources.

(C) Representative sound speed profiles for each exercisce site weie derived from time-serics at the
respective site. The site 2 representative profile generally had the highest sound speeds (due to intermixing
of RSIW and PGIW), while the site 1 representative profile gencrally had the lowest sonnd speeds (primarily
due to the effects of SSW and AATW). In the near-surface iayer, however, the site 1A/iB representative pro-
files had anomalously low souud speeds duc to the effects of northeast monsoon upwelling. Representative
sound spced profiles for the southwest monsoon (June-September) were derived for ¢ich site using histori-
cal data and were similar to those for the exercise except above 400-500 m and in regions where upwelling
is expected during summer (1.c., sites 2 and 4).

(C) Overall, environmental effects on acoustic propagation and . .nbient noise were minimal durmg
BEARING STAKE. Except at site 4, propagation at all sites was bortom-limited in respect to both tive high
frequency (generally 18-m) and low frequency (generally 91-m) sources, and the modelate amounts of
sound speed varability encountered should not have caused anomalous propagation patterns. However,
the corrected bottom was at Iecast 200 m deeper than 90-m conjugate depth at site 4 and alung most acous-
tic tracks radial to it. This should have allowed for somc refraction of downward rays from the low fre-
quency (91-m) source. The intense temporal and spatial sound speed variability throughout the western
Sumali Basin also should have affected propagation to sensors at siie 4, particularly for the low frequency
(91-m} source, for which there was some depth excess. Since wind speeds were gene ally less than 6 mjsec
(about 12 knots) and sca/sweii heights less than about 3 m (about 10 feet), ambient noisc levels above
200 Hz measured during the exerdise should have been moderarc to low.
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APPENDIX A

SELECTED SOUND SPEED CROSS SECTIONS
ALONG KINGSPORT SUS AND CW TRACKS (U)

(C) As part of the BEARING STAKE environmental analysis program, NORDA provided NOSC
with sound speed and bathymetric profiles along 27 mojor acoustic tracks vecupied by KINGSPORT.
These tracks are listed by site in Table 2. Three of these tracks are extensively discussed in the mam body
of this report: KINGSPORT track 1A1 (Fig. 6), KINGSPORT track 3A2 (Fig. 9), and KINGSPORT
track 4A1 (Fig. 14). The location of these three tracks is shown in Figure 1. Figure 21 shov s the location
of 10 additional tracks chosen by NOSC [or propagation loss modeling. Since these tracks describe spatial
sound speed variability throughout much of the northwestern indian Ocean, they are included herem

as Figures 22 through 31. Each track has been previously presented and discussed in the BEARING STAKE
Acoustic Assessment Report (NOSC, 1978).
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Figure 21.(C) Location of selected sound speed sections along KINGSPORT SUS and
CW tracks (U)
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Figure 25(C) Sound speed structure along KINGSPORT P4 track at site 3 (U)
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APPENDIX B

REPRESENTATIVE EXERCISE AND SOUTHWEST MONSOON SOUND SPEED PRCFILES (U)

(U) Representative sound speed profiles were chosen at each BEARING STAKE site for both the
period of site vccupation and for the southwest monsoon (June-September). These profiles are presented
graphically in the main body of this repor. in Figure 20. Lictings of the profiles are given in Table 3 (sites
1.\ and 1B), Tabic 4 (sites 3 and 4), and Tablc 5 (sites 5 and 2). Reprosentative excercise profiles were
derived from time-series of sound speed at cach site, and arc near-moedel profiles. Those for sites 1A/1B
aad 3 are from the northeast monsoon. Those from sites 4, 5, and 2 are from the transitional period be-
taecen the northeast and southwest monsoons. Representative southwesi monsoon sound spced profiles for
each site were chusen from historical deta collected as part of the International Indian Ocean Expedition.
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TABLE 3(U)
REPRESENTATIVE EXERCISE AND SOUTHWEST MONSOON
SOUND SPEED PROFILES FOR SITES 1A AND 1B(U)
EXERCISE (Site 1A) EXERCISE (Site 1B) S. W. MONSOON
Depth SS Depth SS Lepth SS
(m) (m/sec) (m) (m/sec) (m) (m/sec)
0 1533.0 0 1531.9 0 1542.5 SLD
25 1533.1 10 1532.0 SLD 10 1542.3
65 1532.3 SLD 25 1530.9 20 1542.3
106 1521.1 50 1530.8 30 1530.6
125 1519.8 75 1522.4 50 1528.6
150 1518.7 100 1520.4 75 1526.5
165 1517.9 150 1519.1 100 1523.6
185 1518.5 200 1517.7 125 1523.0
200  1517.6 250 1514.0 150 1522.0
250 1514.4 300 1509.5 200 1519.8
300 1513.2 350 1507.4 250 1515.0
350 1510.9 400 1506.0 300 1511.0
400  1509.7 500 1504.8 400 1506.6
501  1506.7 550 1504.5 500 1506.1
600  1505.4 575 1504.6 600 1505.0
700  1504.6 625 1504.0 700 1504.5
800 1503.9 675 1503.6 800 1503.6
900 1502.6 700 1503.7 900 1502.6
1000 1501.7 800 1502.6 1000 1501.6
1100 1500Q.3 900 1501.9 1100 1500.3
1150 1499.2 1000 15C0.5 1200 1499.1
1200 1499.1 1100 1499.1 1300 1497.8
1300 1498.3 1200 1498.6 1400 1496.9
1400 1497.1 1360 1497.7 1500 1496.1
1500 1496.3 1400 1496.8 1750 1495.6 DSC
1600 1495.6 1500 1495.9 2600 1496.0
1750  1495.4 DSC 1500 1495.3 2500 1500.6
1825 1495.6 1725 1495.0 DSC 3000 1507.8
1900 1495.8 1800 1495.3 3350 1513.3 CBD
2000 1496.3 1901 1495.2
2200 1497.8 2000 1495.7
2500 1500.7 2200 1497.2
3000 1507.7 2500 1560.3
3350 1513.3 CBD 3000 1507.7
3350 1513.5 CBD
F°SREVIATIONS :
SLO = Sonic Layer Depth
DSC = Deep Sound Channel
CBD = Corrected Bottom Depth
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TABLE 4(U)

REPRESENTATIVE EXERCISE AND SQUTHWEST MONSOON
SOUND SPEED PROFILES FOR SITES 3 AND 4(U)

SITE 3 ~ B SITE 4
EXERCISE S. W. MONSQON EXERCISE S. W. MONSOON
Depth SS Depth SS Depth SS Depth SS
{m) (m/sec) (m)  (m/sec) (m) (m/sec) (m) (m/sec)
0 1538.% 0 1543.6 0 1543.9 SLD 0 1528.1
35 1538.9 SLD 10 1543.8 25 1543.0 10 1527.6
50 1537.8 20  1544.0 50 1541.0 20 1527.6
75 1537.2 30 1544.1 75 1532.9 30 1527 .6
100 1529.5 50 1544.5 SLD 103 1528.2 50 1527.3
150  1521.7 75 1536.0 160 1518.2 75 1526.5
200 1515.9 100 1532.5 201 1514.3 100 1526.3
250 1512.7 125  1529.1 250 1509.4 125 1522.1
300 1511.1 200 1519.6 300 1505.1 153 1511.1
350 1509.3 250 1516.3 400 1499.8 200 1505.0
400 1507.9 300 1512.1 450 14398.9 250 1503.5
480  1506.9 400  1509.0 500 1500.5 300 1501.5
500 1507.0 500  1507.3 575 1501.9 400 1499.5
540  1506.4 600  1506.6 600 1501.4 500 1499.3
560  1506.7 700 1506.0 625 1502.4 600 1501.8
600 1506.2 800  1505.1 675 1499.6 700 1497.6
630 1506.4 a00  1504.5 726 1500.7 300 1497 .1
701 1505.5 1006 1504.0 799 1498.9 900 1456.8
800 1504.8 1100 1502.1 849 1500.1 1000 1496 .1
900 1504.3 1200 1501.3 874 1499.1 1100 1495.8
1000 1503.1 1300  1500.0 925 1499.3 1200 1496.3
1100 1502.6 1400 1498.8 969 1498.4 1300 1496.0
1200  1501.9 1500 1497.8 1098 1497.2 1400 1495.3
1300 1500.9 1750  1495.8 DSC 1187 1496.1 1500 1494 .8
1400 1500.0 2000 1496.7 1297 1465.6 1750 1493.0
1500 1499.2 2500  1500.¢ 1346 1495.9 2000 1494 .6
1600  1498.3 3000 1597.7 1421 1492 .2 2500 1500.3
170" 1497.8 3580 i516.9 CBD 1470 1494.6 3000 1507.5
1¢01 1497 .1 1595 1492 .4 4360 1523.6
1890  1496.9 DSC 1743 1492.3 DSC  5lo¢ 1542.8
2001 1497.2 1892 1493.2
2200  1498.5 1991 1494 .1
2500  1501.3 2189 1495.8
3001 1507.6 2511 1500.1
3580 1516.8 CBD 3004 1507.3
3498 1515.2
: 4012 1523.5
‘ BBREVIATIONS: 4501 1531.4
Same as previous table 5106 1542.5 CBO
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TABLE 5 (U)

REPRESENTATIVE EXERCISE AND SOUTHWEST MONSOON
SOUND SPEED PROCFILES FOR SITES 5 AND 2(U)

SITE 5 SITE 2
EXERCISE S. W. MONSOON EXERCISE S. W. MONSOON
Depth $S Depth $S Depth $S Depth  SS
(m)  (m/sec) (m) (m/sec) () (m/sec) (m) (m/sec)
0 1545.5 SLD 0 1540.3 0 1546.7 SLD 0 1536.8
30 1539.5 10 1548.5 5 1544 .4 10 1537.0
50 1542.1 20  1540.6 50 1540.0 20  1537.0
75 1540.0 30 1540.%8 75 1537.4 30 1537.71 SLD
100 1526.3 50 1541.3 100 1534.6 50 1536.6
150 1514.6 75 1541.3 S§4D 150 1526.7 75  1534.1
200  1509.3 100 1540.6 200 1520.3 100 1530.6
250 1504.9 125 1535.8 250  1517.1 125 1526.3
301 1502.7 150 1529.5 270 1517.3 150 1522.1
350 1501.9 200 1513.5 300 1513.6 200  1515.3
400 1501.8 250 1508.0 350 1512.6 250 1511.8
450 1501.6 300 1504.5 410 1510.7 300 1509.1
500 1502.7 400 1503.0 440 1510.9 400 1506.8
550  1503.2 500 1502.1 480 1510.2 500 1505.6
649  1503.6 600 1502.5 530 1508.2 600 1505.5
699 1503.4 700 1501.3 50 1508.4 700  1505.1
800 1501.9 200 1500.1 620 1507.6 800 1504.6
824 1502.2 05 1498.8 660 1507.6 900 1503.5
S00 1501.4 1000 1497.6 710  1506.8 1000 1502.5
1000  15900.0 1700 1496.8 750 i507.0 1100 1501.5
1098  1499.1 1200 1496.1 800 1505.8 1200 1500.5
1198  1498.1 1300 1485.5 850 1505.6 1300 1499.5
1296  1497.5 (400 1494.6 900 1505.0 1400 1498.1
1396 1496.4 1500 1494 .1 950 1504.9 1500 1497.1
1495  1495.2 1750  1493.3 DSC 1010 1503.9 1750  1495.6 DSC
1594  1494.7 2000 1494.1 1040 1504.2 200C 1496.1
1693 1494 .4 2500 14%9.8 1100  1502.7 2500 1500.5
1768  1494.3 D5C 3000 1507.5 1200 1501.4 3100 1509.0 CBD
1893  1494.6 3909 1522.5 CBD 1300 1500.3
1991 1495.1 1400 1499.2
2189  1496.3 1540 1497.1
2511 1499.9 1600 1497.4
3003  1506.9 1720  1496.3
3495  1515.1 1780 1496.6
3909 1522.5 CBD 1820 1496.2 DSC
1900 1496.6
1980 1497.1
2200 1438.0
2500 1500.3
3100 1509.1 CBD
ABBREVIATIONS:

Same as previous table
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APPENDIX C

LIST OF ACRONYMS ANIM ABBREVIATIONS (U)

AAIW - Antaictic Intermediate Water; o cold, low salinity water mass formed in the vicinity of the Antare-
tic Circumpolar Convergence

BIW - Bunda Intermediate Water; a cool, low salinity water mass formed i the Banda Sea of the Indonesiars
Archipelago
BMA - Bottom Mounted Array; an acoustic measuring device
C. - cape
°C - degrees Centigrade
CW - continuous wavce; a type of acoustic projector
DI - HMAS DIAMANTINA
DSC - deep sound channel; the absolute sound speed minimum
E - East longitude
Hz - Hertz
Is. - island
km - kilometer(s)
KP - USNS KINGSPORT
m - meter(s)
m/sec - meters-per-second
MY - USNS MYER
MZ - USNS MIZAR
N - North latitude
nm - nautical mile(s)
NORDA - Naval Ocecan Reeearch and Development Activity, NSTL Station, Mississippi
NOSC - Naval Ocean Systems Center, San Dicgo, California
NSTL - National Space Technology Laboratories
PGIW - Persian Gulf Intermediate Water; a warm, high salinity water mass formed in the Persian Gulf
RSIW - Red Sca Intermediate Water; a warm, high salinity water mass formed in the Red Sea
S - South latitude
SSW - Subtropical Subsurface Water; a cool, low salinity water mass formed along the Subtropical Con-
veigence
SUS  signal-underwacer-sound; an acoustic depth charge
SV/STD - sound svelocty-salinity-temperature-depth; an ocecanographic instrument that measurces sound
: speed, temperature, and salinity as a function of pressure or depth
T-S - temperature-salinity
XBT - shipboard expendable bathythermograph; an oceanogr  hic instrument that meastires temperature
as a function of depth to cither 460 m (Sippican Model T-4 probe), 760 m (T-7 probe), or 1830 m
(T-5 prokc)
Z - Zulu or Greenwich Mcan Tume
®[oo - parts-per-thousand
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excess occurred for the low frequency source. At site 4 and throughout the westert: Somali Basin,
interleaving of intrusive water masses (including Red Sea and Antarctic Intermediate Waters)
caused complex and highly variable sound speed profiles to depths of ac least 1800 m. At site 1B
(Gulf of Oman) sound speed profiles were up to 5 m/scc lewer than thosc obsersed one month
carlier (site 1A),'probably duc to increased northeast monsoon upwelling after the site 1 . occupa-
tion. Maximum temporal and spatial sound speed variability throughout the exercisc area vccurred
between about 100 and 150 m, just below the depth of the low frequency source. At all sites, wind

speeds and sea/swell hieights were low to moderate and should not have markedly influenced
ambicent noisc levels above 200 Hz.

P

{i

50 CONFIDENTIAL

SECURITY CLASSIFICATION OF THIS PAGE{Whon Data Entored)




BLANK
CONFIDENTIAL

LEFT

INTENT!ONALLY

PAGE

THIS

ot
==
[o—
x=
| W)
=
| & Y
=
s




DEPARTMENT OF THE NAVY

OFFICE OF NAVAL RESEARCH
875 NORTH RANDOLPH STREET
SUITE 1425
ARLINGTON VA 22203-1995

IN REPLY REFER TO:

5510/1
Ser 3210A/011/06
31 Jan 06

MEMORANDUM FOR DISTRIBUTION LIST

Subj: DECLASSIFICATION OF LONG RANGE ACOUSTIC PROPAGATION PROJECT
(LRAPP) DOCUMENTS

Ref: (a) SECNAVINST 5510.36
Encl: (1) List of DECLASSIFIED LRAPP Documents

1. Inaccordance with reference (a), a declassification review has been conducted on a
number of classified LRAPP documents.

2. The LRAPP documents listed in enclosure (1) have been downgraded to
UNCLASSIFIED and have been approved for public release. These documents should
be remarked as follows:

Classification changed to UNCLASSIFIED by authority of the Chief of Naval
Operations (N772) letter N772A/6U875630, 20 January 2006.

DISTRIBUTION STATEMENT A: Approved for Public Release; Distribution is
unlimited.

3. Questions may be directed to the undersigned on (703) 696-4619, DSN 426-4619.

A& X
BRIAN LINK
By direction



Subj: DECLASSIFICATION OF LONG RANGE ACOUSTIC PROPAGATION PROJECT
(LRAPP) DOCUMENTS

DISTRIBUTION LIST:
NAVOCEANO (Code N121LC - Jaime Ratliff)
NRL Washington (Code 5596.3 — Mary Templeman)
PEO LMW Det San Diego (PMS 181)
DTIC-OCQ (Larry Downing)
ARL, U of Texas
Blue Sea Corporation (Dr.Roy Gaul)
ONR 32B (CAPT Paul Stewart)
ONR 3210A (Dr. Ellen Livingston)
APL, U of Washington
APL, Johns Hopkins University
ARL, Penn State University
MPL of Scripps Institution of Oceanography
WHOI
NAVSEA
NAVAIR
NUWC
SAIC



(1) 1ON3

D dN 1V ‘SN 10T182 19ua7) SWASAS uead)) [BABN] VLV ‘SISATYNY VIVA AONTITHOD AV.LS DNIIVAL 1819 °D 'V “eInqey 68SNLDOSON
G J2 A0 (1) LMOdTI INFINSSASSY Vady NIvD
. e ¢ S 191Uy SWASAS UBII() [BAE V[ ‘beqna
= nv mA 1ocisL D S OTPAEN TVNDIS AVIIV ANV IONTITHOD IIV.LS ONIEvAg Miat £8ENLOSON
(N ‘nv (N) SISATYNVY
. 7 191U SHISISAQ UBII() [RAR V[ ‘Uagna
o SNCEOSHOIAE 10c18. 9 S OTPAEN VIVANIVD TYNDIS AVIdY VLIS DNIIVAL v [N PCONLOSON
. JONVIWNIOIIAd AVIEY DANLITIY DIV ]
) an 101182 SwrasAS 19emIopuny [eaeN] NO ONI¥HLLVIS ANV ‘SNOLLVINYOJAd AVEIY g M “Aoresoy IA VNISN ANZE
HONTIIAIHINI HLVALL TN NO SLOFA19 AINIFINOD
o) anN 101182 B I5NVY VM Ksuury] IA VASN ANZE
SWIASAS I91EMIIPU[) [BABN HNTILXH LV AVIIY QAMOL V 40 IONVINIOIIAd .
o) aN 10118 R0 1vdO W I ‘UG IA VSN ANZE
SWRISAS 19jeMISPUL) [EABN|  HOWND NI ATANSVAN SV Il VATV 40 SOIANVNAQ .
12u3) () SAVIIY AAMOL FdNLYAdY 994V1 NO .
: N 210pun
O aN 10T18L SwasAg 1a1emIopun) [eARN|  FONTITNIALNI HLVAITLOW DLLSNODV 40 S1Od444d W asiopimd IA VAISN aNze
SOLI0JEIOQRT YOIBISTY (N) OVA0DV TvdO
JjgeieAeu ajqejreAru
9 v 9T608L parddy ‘sexa] jo Ausiaatup) HOUNHD FHL WO¥d STINILVNDIS dIHS INVHIYTN [ETEATan 19%1 a
o) nv 10608.L AJIATDY (7Y UBIdQ [BAEN (N) ASIDYAXT IAVLS ONTIvVAT ajge[reagup) a[qe[teasur)
aN () ALITIGVIAVA TVINTIANOWIANG 49010
ANango uead() jeae 1219 ¢ (] ‘19uun
19 ‘SN ‘06£L100av| 00U8L AV A O IEAeN ANV dgddS ANNOS ESIDYAXA TAVILS ONIIvAd ! 4d 4 BIAVIION
D av £7808L 191Uy AS(J 1Y ABN S[] (N) VIVA VIASL TIVLS ONIIVAd d[qe[reaeur) s[qe[iearuy)
) SALI0}LIOqET] YOTBISIY (N) SLYVHD
. alqejieAru
0 VSN 10908L parjddy ‘sexaj jo Ansieatup) NOLLDNAILSNODTY SIDYIXH VLS ONIIVAY 19et fl E8LNLTAV
(N) AVIIV QALNNOW-IWOLLOHG
‘ ¢ IIU9) SWD)SAS UBID() [BAR VT “1aqnd
= AN:AV-SN- | 15080 O SIS WEROTPAN)  qHI SISATVNY V.LVA SONTUAHOD THVLS ONISVIS VT HRqmN CSVNIISON
$3LI01e10qE ] [OIBISIY (1) S4dV.L IVd 40
Jlgerieaeu ajqejiearu
D v L1508L paiddy ‘sexa[ jo Ausieatun)| INTNSSHSSY ALITVNO A ASINYD II ANOULS HOYNHD [ereATIn 190 n
S31101e10qE ] YIIBISIY (N) SAdV.L OVAODV ANV dvd 4O
) J|qelreaeu a[qe[reArury
0 v L1S08L panddy ‘sexag jo Ausraatun| INAWSSASSY ALITVAD A ASINMO I FYOULS HOUNHD AT 9
() SAVIIV AIWN0L1L0g
D aN NV ‘SN S0S08L Auedwroy) o103y wisisopm WO¥d dSION INAIFNYV TYNOLLOTIIININO "L [ awrogsQ LTT0D8L6E000ON
ANV SSOT NOISSSINSNVIL IIV.LS ONMIVAL LDIr0¥d
$3L10)BI0QE ] [IIBISTY (N) LIOdTY VIVA SINIWTINSVAN] o e €
nv: . €19 ayon SLALTIV
D aN-1v SN S1C08L polpddy ‘sexa] jo Aystaaruny J1LSNOIJV DVAOOV TVOLLYAA-TAVIS ONMVALd ! S TPHN 8
() AVIAV SINVO 1 .
¢ 13]U37) SWIAISAQ UBDI() [BAR V[ ‘1egna NILDOSON
S v -SN 90z08L e s O [AeN LAV SISATYNY VIVA SONTIHHOD TIVIS ONIIVIL v [HRamN 03ENLD
D NV ‘SN 10208L ANALOY (J737Y UeddQ) JeAeN|  TVOJTA VIVA 1V.INTAWNOIIANE | TIOWLLS HOUNHD ‘239 “f 'd ‘8oong OZN.LVAION
J0 w—-—w:
SSe[D Anqepeay sed (0jeuIsLQ) Py, loyiny [euosidg | soquuny yroday
JuaIIN) ‘qng Adunog uonedqng

sjuawWINO0Q ddV¥1 pauisse|s9Qg




